In this paper a real option model is developed to examine the critical factors a¤ecting the decision to lease agricultural land to a company installing a PV power plant. The leasing payment is certain while the net revenues from agriculture are uncertain. We identify the pro…t values at which the farmer decides to lease his plot vs. continue farming it. By applying the model to the province of Bologna (Italy), we illustrate the possible land-use change scenarios in this area. We conclude by discussing the importance of PV energy production as a source of income for farmers and its implications from a social perspective.
Introduction
The rising demand for electricity and concern over the environmental impact of using fossil fuels for its production have driven increasing consideration for investment in renewable energy sources (World Wildlife Fund 2011). Among them, sunlight, convertible into electricity using photovoltaic (PV) technology, represents an option capable of meeting both concerns since it is an abundant and unlimited source of clean energy. 1 Despite the delay with respect to some European countries such as Germany and Spain, the PV industry has started growing signi…cantly in Italy. In the last few years, the number of power plants have grown from 7,647 installations with a PV power potential of 87 MW in 2007 to 155,977 installations with a 3,469.9 MW power potential at the end of 2010 (GSE 2 2011a; GSE 2011b). Apart from the favourable conditions resulting from its geographical position, incentives introduced by the government have played a crucial role in this trend of continuous development. In particular, investments in the sector has bene…ted from the feed-in tari¤s, the so called "Conto Several types of PV power plants may qualify for a grant under the scheme. In general, the installations are divided into rooftop and ground-based. The …rst category is installed on buildings such as homes, shopping malls and industrial sheds and is common in urban and industrial areas. On the contrary, groundbased PV plants require land surface for the installation of solar panels and are therefore present in areas traditionally designated for agriculture.
By December 2010, ground-based PV installations had increased by 146% over the year before and provided 1,465.60 MW of power, which roughly corresponds to the 42% of the entire national PV potential (Frascarelli and Ciliberti 2011; GSE 2011a ). According to GSE reports, land allocated for PV energy production amounts to 3,317 ha and represents about 0.026% of the total agricultural land used (GSE 2011a) . Despite the relatively low percentage of land used for PV energy production, the PV industry has signi…cant potential for growth due to the abundant availability of surfaces meeting the standards for both rooftop and ground-based installations. In addition, due to the negative trend in returns from agriculture, provision of land for PV energy production represents a crucial opportunity for the sector since it may represent a viable source of income and allow farmers to hedge against ‡uctuations in the commodities'price (Di Mambro 2011).
Although investments in PV power plants involve high upfront costs, the system of feed-in tari¤s introduced by the Italian government supports farmers who wish to pursue this option. Apart from such direct investments, farmers are also increasingly opting to lease their land to private companies engaged in PV power generation (Bignami 2010; Sangiovanni 2010). The proposed formula is generally based on a long-term leasing agreement where a payment is made for the use of the land over the entire contract duration (Mazzanti 2010) . Unlike PV installations on traditional farms, which are generally of limited scale and mostly integrated within the farm facilities, the panels in the solar farms are ground-based and cover large land surface.
In this paper, we focus on these leasing agreements 3 and set up a model where the decision to lease land is analysed under a real option approach (see Dixit and Pindyck 1994) . We focus on the decision making of farmers to continue agricultural production or lease the land for PV power since it is becoming a growing phenomenon in Italy with a major impact on the regions of Puglia, Lazio and Emilia-Romagna. We assume uncertain agricultural net revenues and consider the leasing agreement as an irreversible decision (Bignami 2010). Hence, the farmer may be seen as holding an American-put option which, once exercised, entitles him to a ‡ow of certain payments which accrue for the entire contract duration. Since, by signing the contract, the farmer loses the right to farm his land for the entire contract length then he must account for the opportunity cost of his decision, i.e. the foregone agricultural pro…ts which could have been potentially earned keeping the land under agriculture. In our model we study the optimal timing for the farmer to exercise the option to sign a leasing agreement. This corresponds to the solution of a standard optimal stopping time problem. We solve it and determine the critical agricultural pro…t level at which, accounting for uncertainty in the agricultural commodities'prices and leasing payment level, leasing is preferred to agricultural production.
Our paper belongs to a vast family of contributions using option theory for the analysis of land allocation. In particular, our model is similar to ones used by Conrad (1997) and Isik and Yang (2004) . In Conrad (1997) , option theory is applied to determine the value of an old-growth forest stand, and the optimal harvest policy under uncertain amenity value, and known and constant stumpage value. Isik and Yang (2004) investigate the decision to enrol land in the Conservation Reserve Program (CRP). Enrolment is treated as an irreversible decision, and both agricultural net revenues and program payments are stochastic. Other interesting contributions in this literature are provided by Schatzki (2003) and Song et al. (2011) . In both papers, the authors adopt the standard entry-exit model à la Dixit (1989a) to study land-use change. They allow for the possibility of switching back and forth between agricultural production and alternative land uses, including land set-aside programs and growing switchgrass for bioenergy production, respectively. In their set-up, a closed-form representation of the solution does not exist and numerical methods must be used.
Furthermore, to better illustrate our …ndings and provide an analysis of possible scenarios, we apply our model to the agricultural …rms located in the main province of Emilia-Romagna, Bologna. In our numerical exercise we use realistic parameters to characterize the contract proposed to the farmer and estimate trend and volatility of agricultural pro…t dynamics using data from INEA (2011a). Results illustrate the attractiveness of the proposed leasing agreements and reveal the weakness of traditional agricultural activity as a competing alternative.
The remainder of the paper is organized as follows. In Section 2 the basic set-up for the model is presented. In Section 3 we present our case study and discuss the results of the numerical exercises. Section 4 concludes.
The model set-up
Consider a risk-neutral farmer contemplating the opportunity of leasing his plot for a certain period, T , to a private company. On the leased land, the company will install a power plant using a PV technology to produce and sell energy. The power plant installation and the plant maintenance costs are paid by the company. Let p denote the certain annual leasing payment to the farmer, and K the sunk cost paid by the farmer when leasing his land. This switching cost may include land clearing and/or agency cost needed to …nalize the transaction between the two parties. We normalize the plot surface to 1 hectare and assume that the decision to rent is irreversible. 4 This implies that once the contract is signed, the farmer loses the possibility of managing the land surface for the entire contract length.
Due to uncertainty about output prices and yields, we assume that net returns from agriculture per hectare, t , ‡uctuates according to the following geometric Brownian motion:
where and are drift and volatility, and dz t is a standard Wiener process. If the farmer leases his plot at the generic time t, the expected net present value of future proceeds is 4 Without loss of generality, due to the long contract duration, we simplify the analysis by considering the decision to lease the land as irreversible. 5 Note that one may assume that also the contract payments follow a diversely correlated geometric Brownian motion. This possibility can be easily incorporated in our model by considering the contract payment as numeraire (p = 1) and using (1) to illustrate the stochastic ‡uctuations of the net return/payment ratio (see for instance Dixit, 1989b ). Finally, a geometric Brownian motion with Poisson jumps can be used to model the impact of extreme and sudden shocks on t (see Dixit and Pindyck, 1994 , pp. 85-86).
equal to:
where r > is the riskless interest rate. 6 In (2) the …rst term, p
, is the discounted ‡ow of payments to which the farmer is entitled by contract. The second and the third term represent the cost of leasing the plot for the time period T . Such cost includes the expected value of the foregone agricultural pro…ts,
, plus the switching cost, K. By using a standard NPV decision rule, the farmer should sign the contract as soon as N P V ( ) 0. That is, as soon as
Taking a real options perspective the farmer can be viewed as holding an American put like option having the sum of foregone pro…ts and switching cost as strike price. The exercise of such an option will be triggered by a critical time threshold, , at which, accounting for uncertainty on agricultural pro…ts and contract payment level, leasing is preferred to the agricultural activity.
Denote by F ( ) the value of the option to lease the plot. In the continuation region, < , the value of such an option is given by:
By using Ito's lemma to expand the RHS of (4), we obtain
The solution to (5) takes the following functional form:
where 2 is the negative root of the characteristic equation W ( ) = 1 2 2 ( 1) + r = 0 and A 2 is a constant to be determined.
The value of the option and the critical exercise threshold can be determined by imposing value matching and smooth pasting conditions at . That is
The system (5.1-5.2) si solved for and A 2 . It follows that
Proposition 1
The critical pro…t level, , for leasing land is :
while the value function takes the form
To incorporate a proper risk adjustment it su¢ ces to take the expected value with respect to a distribution of t adjusted for risk neutrality (see Cox and Ross, 1976) . Finally, note that if r then leasing would never be optimal for the farmer. 7 We drop the time subscript for notational convenience. 8 The general solution to (5) is F ( ) = A 1 1 + A 2 2 where 1 > 1 and 2 < 0 are the roots of W ( ) = 0 and A 1 and A 2 are two constants to determined. However, since the value of the option to lease should vanish as ! 1 ( lim !1 F ( ) = 0) then we must drop the …rst term by setting A 1 = 0.
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Proof. See Appendix A.1.
The critical threshold, , represents the optimal threshold at which the farmer shuts down agricultural production and leases the plot for PV energy production. For agricultural pro…ts higher than , the farmer should keep the option to lease, and continue agricultural production on the land. On the contrary, for , it is more pro…table to shut down and lease the plot in exchange for the ‡ow of …xed payments, p. Note that since 2 2 1 < 1, then < N P V . Hence, under a real option approach, the farmer postpones his decision to lease his land with respect to when it would be pro…table under a NPV approach. 9 
Empirical application
The total agricultural land area (hereafter, TAL) in Italy amounts to 17,277,022.97 ha (ISTAT 2011). The area currently used for agricultural production, the so called used agricultural land (hereafter, UAL), is equivalent to 74.5% of TAL. The remaining land, even if available for agriculture, is currently idle. In general, ground-based PV plants and agriculture may be competing land uses (Sangiovanni 2010) . However, at a national level, the land area designated for ground-based PV installations is relatively small. 10 In fact, according to GSE (2011a), this area represents approximately 0.026% of UAL and 0.076% of the agricultural land currently not being used (see Table 1 ). Table 1 shows the area in hectares occupied by ground-based PV installations for every region in Italy. In addition, the table displays the regional TAL, UAL and unused agricultural land in 2010. The ratio PV area 9 Note that as ! 0 then ! 1 and (6) reduces to the standard NPV decision rule. 1 0 Note that the area covered by solar panels is between 6.6 to 8.2 m 2 per kWp . However, the area needed is usually larger since the modules must be installed with spacing in between in order to avoid mutual shading (Chiabrando et. al, 2009 ). 5 on agricultural land shows the percentage of agricultural land overtaken by ground-based PV installations. The region of Emilia-Romagna is located in the north of Italy and is among the regions with higher agricultural productivity. Emilia-Romagna is particularly known for the production of cereals, potatoes, maize, tomatoes and onions. Important quantities of fruit and wine grapes are also produced in this region (Boccaletti et al. 2011). In 2010, the regional UAL was equal to 1,066,773 ha, which represents 8.3% of the country's UAL. Arable land accounted for 78% of the regional UAL while the remaining used land is allocated to tree crops (12.13%), meadows and pasture (9.74%), and family gardens (0.13%) (INEA 2011b). At the end of 2010, 11 ground-based installations covered 337.77 ha of land in the region producing a total of 157.5 MW (GSE 2011a). This represents 43.26% of the total PV power produced in Emilia-Romagna in 2010, which equals 363.9 MW. Table 1 also shows that the area of agricultural land being overtaken by ground-based PV installations is not high. It covers approximately 0.025% of UAL and 0.11% of the land not used in the region of Emilia-Romagna.
In the following, our analysis focuses on Bologna, which is the main province of Emilia-Romagna and the leading province with respect to the number of installations. It currently has 2,683 PV power plants which provide 66.1 MW of production capacity 12 (GSE 2011a). The province of Bologna also has the largest area of agricultural land in the region and the highest net revenues from agricultural production (INEA 2011a). Our study is based on data pertaining to arable lands in plain and hilly landscapes. The choice of arable lands was made since they account for the majority of crops grown in the province. Both plain and hilly landscapes 1 1 However, as said in the introduction, due to the rapid rate of expansion in PV industry, the PV plants currently active are 25,633 for a power generating potential of 1,080.3 MW. This …gure was provided by ATLAS, an online service available on the GSE's website (see http://atlasole.gse.it/atlasole/). 1 2 However, in terms of power production potential, the province of Ravenna is much above Bologna with a total capacity of 128.3 MW.
6
were investigated as agricultural net revenues vary accordingly. Since PV power plants are mostly installed in plain landscapes, we focus on this land type and present the case of hilly landscapes in appendices. In the next section we provide an analysis of several possible scenarios based on parameter estimates taken from data on agricultural net revenues, current values for lease payments, the initial switching cost and the discount rate.
Agricultural net revenues: parameter estimates
In order to construct a time series of the agricultural net revenues for the province of Bologna we use the yearly arable land values provided by INEA (Istituto Nazionale di Economia Agraria). These values account for the average regional price indexes aggregated by geographical area and type of crop (INEA 2011a). As in Edwards (2011) we compute the agricultural net revenues by assuming a 5% rate of return 13 on the land value (see …gure 14 1) . By Ito's Lemma, if t ‡uctuates according to (1) then its natural logarithm, ln ( t ) ; follows an arithmetic Brownian motion with drift. That is:
where = 2 2 . In order to test whether the empirical data on net revenues satisfy equation (7), let approximate d ln ( t ) as follows:
where " t N (0; 1). To have the time series on net revenues consistent with equation (7) then the series ln ( t ) must follow a random walk and be non-stationary (Gujarati 2004 ). We proceed by rearranging (8) as follows
where 0 = t and e t = " t p t, and taking an augmented Dickey-Fuller (ADF) test to check the nonstationarity of the time series (see Table 4 in A.3). Hence, we can use the t-statistic to test the null hypothesis of unit root, i.e H 0 : 0 = 0. In the appendices, we show that the t-values are higher than the critical values set for 1%, 5% and 10% signi…cant levels for both the time series, i.e. plain and hilly landscapes. This implies that the null hypothesis is not rejected. Finally, it follows that the maximum-likelihood estimates for and are given by:
where l and l are mean and standard deviation of the series ln ( t ) : That is, ' 0:02 and ' 0:06, respectively representing drift and volatility for agricultural net revenues in plain landscapes. In the case of hilly landscapes, we obtain ' 0:035 and ' 0:051 (see Appendix A.3). In Emilia-Romagna the yearly payment per hectare o¤ered to landowners situated in plain landscapes to lease their plot for the installation of a PV plant varies from e 2,000 to e 4,000 (Bignami 2010). Its level is certain and subject to in ‡ation correction. The payment level depends on land characteristics and type of crop cultivated. The contract duration is usually equal to 20 years since this corresponds to the time period where the PV plant may qualify for the bene…ts paid on the basis of Conto Energia.
Agricultural net revenues
Finally, some transaction costs including land clearing and agency costs must be considered. In our paper, we abstract from land clearing costs and consider only transaction costs by assuming that they represent a percentage k of the …rst contract payment.
Critical threshold and sensitivity analysis
In this section we discuss only the case of arable land in plain landscapes. 15 For our base case, represented in bold in our tables, we set the drift equal to 2% and volatility of 6% obtained by the time series. In addition, the discount rate is set equal to 5%. Furthermore, the leasing payment is considered to be equal to e 3000, which represents the average payment per hectare o¤ered in the region. The switching cost k is set equal to 50% of the initial leasing payment. Then, to illustrate the e¤ect of each parameter on the critical threshold we provide a sensitivity analysis. The critical threshold, representing the value at which it is bene…cial for the farmer to lease the land, is obtained by equation (6) . In Table 2 we show the variation of the critical 1 5 The relative numerical exercise and sensitivity analysis for hilly landscapes is available in section A.4 of the appendices.
8 thresholds due to a change in drift, volatility and discount rate. In our base scenario, the critical threshold is equal to e 2,240.20. This critical threshold must be compared to current pay-o¤s from agricultural production which equal e 1,740 per hectare in plain landscapes (INEA 2011a). Thus, it is pro…table for the farmer to exercise the option to lease his plot. For the same level of volatility, an increase in the drift induces a decrease in the critical threshold. This in turn implies that the landowner postpones the decision to lease in expected terms. Note that when the drift is equal to 6%, higher than the discount rate set at 5%, leasing the plot would never be optimal for the farmer. Similarly, as volatility rises, the critical threshold increases. With respect to its base level, we note that it is still bene…cial to lease the plot for some higher volatility levels. However, for set at 20%, it is no longer pro…table and the landowner continues farming the plot and keeps open the option to lease.
An increase in the discount rate has a positive impact on the timing of the option to lease. In fact, as the interest rate increases, the critical threshold becomes e 2,261.85. Hence, the landowner exercises the option to lease earlier, and for higher agricultural net revenue values.
In Table 3 we show how a change in the contract duration, leasing payment, and initial switching cost can a¤ect the critical threshold. We keep the drift, volatility and interest rate as set for the base case. Table 3 illustrates that when the leasing payment is set at e 2,000 and the switching costs are equal to 50% of the initial payment, leasing the plot is not bene…cial for the farmer since the current agricultural net revenues level is above the critical threshold. A rise in the yearly leasing payment induces an increase in the critical threshold, and the farmer exercises the option to lease earlier. By considering an increase in the leasing payment from e 2,000 to e 3,000 and a 20 year contract duration, the critical threshold increases from e 1,493.46 to e 2,240.20. As a result of an increase in the contract duration, the critical threshold decreases. Table 3 shows that when the leasing payment is set at e 3,000, the critical threshold is equal to e 2,240.20 for a lease agreement lasting 20 years. It however decreases to e 2,172.08 when the leasing contract considered is set at 25 years. Therefore with a longer contract duration the landowner postpones the decision to lease. This decrease follows immediately as a consequence of the value attached to the ‡exibility which is implicitly given up by leasing.
Additionally, Table 3 illustrates that if the switching cost increases from 50 to 100% of the leasing payment, the critical threshold decreases. If the switching cost is high, the landowner exercises the option to lease later and for lower agricultural net revenue values.
9
The model, presented in section 2, allows for the calculation of the minimum leasing payment, p, triggering the acceptance of a leasing agreement. This is done by rearranging (6) and letting p be a function of the current agricultural net revenues. It follows that:
Considering a drift of 2% and volatility of 6% obtained by the time series representing the agricultural net revenues and setting the discount rate equal to 5%, the minimum leasing payment for which it is more bene…cial for the landowner to lease the plot is e 2,356.64. This leasing payment is within the range of payments o¤ered in the region that varies from e 2,000 to e 4,000.
Conclusions
The main aim of this paper was to determine the factors a¤ecting the decision of a risk-neutral farmer to quit agricultural production and lease the land to a …rm investing in a PV power plant. A simpli…ed model was developed and applied to the agricultural …rms situated in the province of Bologna (Italy). We assume that the leasing payment o¤ered to the farmer is known and certain, while the agricultural net revenues follow a geometric Brownian motion. The data obtained from the INEA database were consistent with our assumption, and were characterized by a drift equal to 2% and volatility of 6% for plain landscapes. We show that it is more pro…table for agricultural …rms situated in the province of Bologna to exercise the option to lease if the pay-o¤s from agricultural production are lower than or equal to e 2,240.20 per hectare. Since the current agricultural net revenues in plain landscapes equal e 1,740.00 per hectare, 16 then it is more pro…table for the agricultural …rms to stop farming and lease the land to a company investing in PV power generation. In addition, we show that the decision to lease is postponed with respect to the timing resulting from the application of the net present value (NPV) rule. This is a standard result in the real option literature since under uncertainty it is recommended to postpone the exercise of the option. The comparative statics performed to study the impact of di¤erent parameters on the optimal leasing time are in line with the literature. 17 As uncertainty about the agricultural net revenues and/or expected pro…t growth rate soar, the leasing agreement is postponed in expected terms. Similarly, the longer the contract duration, the lower the critical pro…t level triggering the leasing agreement. This is a straightforward consequence of the value attached to the ‡exibility that is implicitly given up by signing the contract. This e¤ect may be balanced by paying a higher lease amount to the landowner. Finally, as expected, an increasing interest rate induces an earlier exercise.
The decrease in incomes from agricultural production on one hand (Di Mambro 2011) and the feed-in tari¤s, keeping high the level of leasing payment o¤ered, on the other, have induced an increasing rate of agricultural land overtake for the production of PV energy. This dynamic may lead to a con ‡ict between energy and food for the allocation of land. 18 In this respect, as stated by Nonhebel (2005) , PV energy provision requires less land area than that needed in the growth of energy crops. Our results also con…rm that at least currently only a limited land area is used for ground-based PV installations. This area corresponds to only 0.025% of the used agricultural land in the region of Emilia-Romagna (GSE 2011a). In addition, 21.83% of the total regional agricultural land is currently unused and could be employed in the production of PV energy.
By bringing this discussion to a national level, the land which is classi…ed as agricultural and not used amounts to 4,391,837.07 ha while the area covered by PV plants is equal to 3,316.95 ha. According to this data, even if the land used for ground-based PV power plants comes only from unused agricultural areas, there is still available land for the production of approximately 1.9 TW of electric power. To conclude, potential con ‡ict for land allocation can be avoided by designing energy policies that prioritise unused agricultural areas for the production of renewable energy.
A Appendix

A.1 Proof of proposition 1
By plugging F ( ) = A 2 2 into (5.1-5.2) we obtain
Solving for and A 2 yields (6) and (6.1).
A.2 Comparative statics
The derivative with respect to K; p and 2 are straightforward:
where
> 0. On the contrary, derivatives for T; and r may change sign over the set where those parameters are de…ned. Di¤erentiating with respect to T we obtain:
T . It follows that:
Now, let rearrange as follows:
Di¤erentiating (A.2.5) with respect to we obtain:
< 0. Rearranging (A.2.6) yields:
where e T = > 0: Finally, the derivative of with respect to r is given by:
< 0. It follows that:
where S = @ 2 @r
A.3 Agricultural net revenues and unit root test Table 4 shows the net revenues from agricultural production in plain and hilly landscapes in the province of Bologna. Only arable lands are taken into consideration and the values are adjusted to 1992 levels. The statistical tests show that the time series are not stationary and, as a result, drift and volatility can be obtained as shown below. 
A.4 Critical thresholds and minimal leasing payment in hill landscape
The time series representing the agricultural net revenues in hilly landscapes is characterized by = 0:035 and = 0:051.The sensitivity analysis on as a result of a change in the , , and r is illustrated in Table 5 . The base case is shown in bold. Considering the current net revenues per hectare from agricultural production, equal to e 1,300.00, it is more pro…table for farmers to exercise the option to lease since the critical = 1; 517:31. Table 6 shows the sensitivity analysis on as a result of a change in the k, p and T . Using equation (11) , the minimum lease payment for which it is pro…table for landowners situated in hilly landscapes to lease the land is equal to e 1,940,50.
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